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ABSTRACT
The influence of return bends on the downstream pressure drop and heat
transfer coefficient of condensing refrigerant R-12 was studied experimen-
tally. Flow patterns in glass return bends of 1/2 to 1 in. radius and 0.315
in. I. D. were examined visually and photographically using a high frequency
xenon light source. Local pressure drop and heat transfer measurements were
made along a horizontal 14 1/2 ft. test section immediately following the
return bend. The refrigerant mass flux ranged from 1.32 X 105 to 4.58 X 105
lbm/hr-ft 2, saturation temperature from 90 to 107*F, and return bend quality
from 0.24 to 1.0. The pressure drop and heat transfer data were compared
to previous data for condensation without return bends. Effects on the down-
stream pressure drop and heat transfer were found to be small, if not
negligible.
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INTRODUCTION
A wide variety of vapor-compression refrigeration systems utilized in
industry employ condensing equipment in which the refrigerant vapor condenses
while flowing inside tubes. This is the case, for example, in evaporative
condensers and some water-cooled condensers of the tube-in-tube type. The
present investigation is concerned with the heat transfer and pressure drop
in condensers, and particularly the effect of return bends on their perform-
ance.
The proper design and sizing of condensing equipment requires an
accurate knowledge of heat transfer coefficients and associated pressure
gradients over a wide range of conditions. In general, these quantites
are functions not only of the refrigerant being used, but also of the mass
velocity, condensing pressure, condensation rate, vapor quality, and con-
denser size and configuration. The large number of variables involved in-
dicates not only the difficulty of obtaining sufficient data to cover all
the conditions of interest to a design engineer, but also the desirability
of devising an efficient and rational way of presenting the data for sim-
plified design calculations.
Two-phase pressure drop and heat transfer are usually interrelated
for condensation in tubes. Numerous investigations of two-phase pressure
drop in tubes have been reported in the literature. Most of these investi-
gations pertain to straight tubes and fully developed flow.
There are essentially two different mechanisms of condensation in
straight tubes. At low mass velocities, laminar film condensation and stra-
tified flow exist. This situation has been examined by Chaddock [1],
Chato [2], and Rufer [3] using results from Nusselt [4]. At high mass ve-
locities the liquid refrigerant becomes more evenly distributed in the tube
5and the mechanism of heat transfer changes. Recently, this case was in-
vestigated by Bae [5] and Traviss [6].
Commercial refrigerant condensers, however, do not usually operate
under the idealized conditions analyzed in Ref. [1] through [6]. Due to
the length of tubing, space limitations, and exterior cooling requirements,
the condenser tube usually includes return bends. The refrigerant flow
configuration, pressure drop, and heat transfer are modified in the vicinity
of a return bend. The purpose of the present investigation is to deter-
mine whether the disturbance caused by a return bend is only a localized
effect or extends over a significant length of the condenser tube, modi-
fying the heat transfer and pressure drop.
Substantial research has been conducted by many investigators, inclu-
ding White [7], Beij [8], Pigott [9], and Ito [10], in an effort to cor-
relate single-phase pressure drop data for bends. Unfortunately, the re-
sults are in substantial disagreement. The recent approach has been to
consider the bend as a separate entity responsible for the total increase
in pressure caused by its presence. This total increase includes losses
due to friction, curvature, and downstream pressure recovery.
In general, a certain minimum number of diameters of straight pipe
downstream are necessary for the reestablishment of fully developed straight
pipe flow. Ito [10] studied single-phase pressure recovery lengths down-
stream of bends and showed that full recovery takes place within 50 pipe
diameters. Other investigators [11, 121 have indicated that 15 to 20 dia-
meters of straight pipe are adequate for pressure recovery in single-phase
flow.
There is less information about two-phase flow through bends, particu-
larly in regard to downstream pressure recovery and aeat transfer. Zahn [11]
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observed that the effect of refrigerant flow in a small-radius glass re-
turn bend was the mixing of vapor and liquid and the formation of spray
into the entrance of the next tube. Visually there appeared to be little
difference between up or down flow through a vertical bank of horizontal
tubes. Alves [12] investigated the flow of air-water and oil-water mix-
tures through a 1-inch glass return bend of 7-inch radius. Alves also
measured the pressure drop in the return bend and in the straight sections
before and after the bend. The pressure drop data in the straight sec-
tions preceeding and following the bend agreed fairly well with the
Lockhart-Martinelli correlation [13]. The two-phase pressure drop expressed
as L/D due to the return bend was found to be the same order of magnitude
as that for single-phase flow.
Fitzimmons [14] measured the single-phase (water) and two-phase (steam-
water) pressure drop for 2-inch pipe with contractions, expansions, valves,
orifices, and 90* bends. The results indicated that the ratios of two-
phase to single-phase pressure drop for various bend radii were insensi-
tive to pressure (800 psia to 1600 psia) and had a maximum value of 2.5.
The pressure recovery due to an upstream disturbance (bend) was essentially
complete after 55 pipe diameters. Mochan [15] measured the pressure drop
of steam-water flow through 75* and 90* bends. The pressure drop in the
bends was found to be a function of the dynamic pressure and orientation
of the outlet of the bend. If a vertical or inclined section followed the
bend, the loss of pressure due to the bend was 2 or 3 times greater for
two-phase flow than single-phase flow. If the exit section was horizontal,
the two-phase and single-phase pressure losses were approximately equal.
The pressure recovery length after the return bend was always less than 100
tube diameters.
Sekoguchi [15] examined the influence of mixers, bends, and exit sec-
tions on the horizontal two-phase flow of air and water. He observed that
zfter the bend the pressure decreased more rapidly, followed by less rapid
decrease. This region for 90* bends extended over a length of as much as
150 D. Nevertheless, the net effect of a bend on pressure drop appears to
be very small. Sekoguchi also correlated the pressure drop in bends using
variables analogous to the Lockhart-Martinelli variables for straight pipe
flow.
In the present investigation, refrigerant R-12 was condensed in a 3/8
inch 0. 1D. copper tube, located immediately downstream of a glass return
bend. High speed photography was used to study the two-phase flow patterns
in the return bend. Both the downstream pressure gradient and heat trans-
fer coefficient were measured. In addition, the pressure drop across the
return bend was measured. The pressure gradient and heat transfer data
were compared with data for fully developed straight tube conditions. On
the basis of this information, design recommendations are made.
EXPERIMENT
General Description of the Experimental Apparatus
The basic apparatus is shown schematichlly in Fig. 1. It consisted
of a closed-loop refrigerant flow circuit driven by a mechanical-sealed ro-
tor pump. An electrically heated boiler generated vapor which passed through
a flow meter and into the precondenser. After the precondenser, the vapor-
liquid mixture flowed through a straight copper tube and into the glass re-
turn bend. A 14.5 ft. test section, located immediately after the return
bend, was used to determine the local heat transfer coefficients and press-
ure gradients. Following the test section, all of the refrigerant was con-
densed to liquid in the aftercondenser, and returned to the boiler ly the
pump. The pump return line incorporated a filtering-drying element and a
commercial sight-glass moisture indicator. Valves in the return line and
by-pass loop were used to control the refrigerant flow rate and pressure.
Pictures of the experimental apparatus are shown in Fig. 2.
The flow rate of the saturated vapor leaving the boiler was measured
by a calibrated variable area rotometer. The precondenser, a sealed shell
and coil condenser, was used to control the quality of the refrigerant
entering the return bend. The water flow rate into the coil-side of the
precondenser was controlled by a gate valve and measured by a rotometer.
Inlet and outlet temperatures of the water and refrigerant were also meas-
ured. From this information, the refrigerant flow rate, quality, and tem-
perature at the exit of the precondenser were determined.
The two-phase refrigerant flowed from the precondenser into a straight,
adiabatic copper tube. The tube was standard 3/8-type L copper tubing,
9approximately 180 diameters long. A modified Conax PG4-375 packing gland
was sweat soldered to the end of the copper tube and another to the inlet
of the test section. A metal pin that fit both the inside of the tubes
and fittings was used to allign the tubes and fittings in the axial and ra-
dial directions before soldering. The end of the tube was allowed to pro-
ject 1/16 in. into the fitting seal as shown in Fig. 3. When the fitting
was tightened the seal compressed around the glass tube and forced the ends
of the glass and copper tubes together.
The glass return bend was constructed from 10 mm Pyrex glass tubing.
Since the inside diameter of glass tubing varies from lot to lot, the glass
tube was carefully selected so that the glass and copper tubes had the same
inside diameter (0.315 in.). The bend radius and tube radius were kept as
nearly circular as possible. The ends of the return bend were ground flat
and the entire bend was annealed. Two different return bends were used:
one had a bend radius of 0.5 in., while the other had a bend radius of 1.0
in. The return bend was installed in the vertical position, so that the
refrigerant would flow in horizontally at the top and out horizontally at
the bottom. The dimensions of the bend are shown in Fig. 3. Pressure taps
were installed at points approximately 10 diameters upstream and downstream
from the return bend. An enclosure, constructed from 1/2 in. Plexi-glass,
was used to shield the return bend from the observer.
The test section was a tube-in tube heat exchanger: the refrigerant
flowed through the inner tube and the water flowed countercurrently in the
annulus or jacket. The inner tube was a commercial 3/8 in. 0. D. (0.315 in.
I. D.) continuous copper tube, 14 1/2 ft. long.
Seven brass rings, each incroporating a pressure tap, were soldered
to the inner tube at 29 in. intervals. These split the annulus lengthwise
into six sections. Heat transfer and pressure drop measurements were made
in each of these sections. Adjoining sections of the water jacket
were connected in series by flexible hoses to ensure mixing. Two
differential thermocouples were located at the inlet and outlet of each
jacket for measuring the temperature rise of the water through each section.
In addition, two differential thermocouples were located at the first water
inlet and the last water outlet in order to check the overall water tempera-
ture rise against the sum of the six individual water temperature rises.
At the mid-length of the last five sections two thermocouples were installed:
one on the outside wall of the condenser tube and one at the centerline of
the tube.
The first section after the return bend was instrumented more elaborate-
ly than the other sections. This section was equipped with three thermo-
couples around the outer circumference at the mid-length. The thermocouples
were arranged 90* apart at the bottom, side, and top of the tube. Addition-
al thermocouples were installed on the outer tube wall at the bottom of the
quarter-lengths and at the centerline of the mid-length. The wall tempera-
ture thermocouples were soldered flush to the outer surface of the copper
tube; and, as such, did not project into the boundary layer of the coolant.
To install the centerline thermocouples, holes were bored into the copper
tube and open-ended stainless steel tubes, 0.035 in. 0. D., were soldered
in the holes. The tip of the stainless steel tube was 1/64 in. short of
the copper tube centerline. The thermocouples were then inserted so that
the thermocouple beads would be at the centerline of the copper tube. Sub-
sequently, the thermocouples were glued in place with epoxy. All the ther-
mocouples were made of 0.005 in. 0. D. nylon-sheathed copper and constantan
wire.
Downward-sloping copper tubes connected the pressure taps to a
U-tube mercury manometer through a manifold which enabled the measurement
of the refrigerant pressure drop through each section. A Bourdon pres-
sure gage, located upstream of the test section, was used to measure
the inlet saturation pressure.
Calibrated flow meters were used to measure the flow rate of the
water through the precondenser, test section, and aftercondenser. These
components were also instrumented with thermocouples at the inlet and
outlet of both the refrigerant and water sides. The entire loop was in-
sulated with fiberglass. The heat loss from the test section with zero
water flow rate was not measurable within the accuracy of the potentio-
meter.
Test Procedure
It was desirable to eliminate all possible contaminants before
charging the refrigeration loop. The loop was evacuated to 30 in. Hg
and filled with dry nitrogen repeatedly to eliminate moisture. Then the
system was evacuated and filled with the refrigerant vapor until a pres-
sure of 70 psig. was reached. The refrigerant was then allowed to escape
through bleed valves at the aftercondenser, boiler return line, and mano-
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meter until the pressure fell to 5 psig. This was repeated twice in order
to dilute any traces of non-condensibles in the system. The system was
tien charged with liquid refrigerant until the sight glass in the boiler
showed that the heating elements were covered.
Several parameters, such as water temperature, boiler heat input
and flow rate, could be regulated to establish the conditions for a run.
The temperature of the water entering the precondenser, test section, and
aftercondenser was controlled by mixing hot and cold water feeds. The
water temperature, water flow rates, by-pass valve setting, and boiler
heat input determined the refrigerant temperature, pressure, and flow
rate. During a run, the refrigerant saturation temperature and flow
rate were held constant (+ 4 percent) while the return bend inlet qua-
lity was varied in steps from a maximum value of 1.0 to a minimum value
of 0.24. After sufficient data had been obtained at one flow level, the
refrigerant flow rate was changed to a different value and another ser-
ies of runs was made. The return bend inlet quality was limited to qua-
lities above 0.24, since a small measurement error in the overall heat
balance could result in a significant error in the measured quality for
values below 0.20. The data for any run were taken one hour after the
system had reached steady state.
After completing a run, pictures and visual observations of the flow
patterns in the glass return bend were made. The back of the Plexi-
glass enclosure for the bend was covered with translucent white paper to
diffuse light. A variable frequency xenon light source (General Radio
Strobotac, Type 1531-AB) illuminated the background. The flashing-rate
range of light source could be varied from 2 to 420 times/second and the
flash duration from 1 to 3 P sec. When the flashing-rate was below the
persistence of vision or retina retention limit (approximately 0.1 sec.),
periodic flow phenomena such as liquid slugs, waves, and churning could
be readily observed. This method was valuable, because the probability
of obtaining a truly representative photograph of these flow patterns
is low. When the flow was wavy, it was possible to essentially "stop"
the flow by properly setting the flashing-rate. Photographs of the flow
patterns were also made using a Polaroid camera which simultaneously
triggered the strobe lamp.
Data Reduction
An overall heat balance was performed for each run by comparing
the heat gained by the water with the heat lost by the refrigerant in
the precondenser, test section, and aftercondenser. For all runs, the
error was less than 8 percent. The heat flux from the refrigerant was
obtained by multiplying the water flow rate by the water temperature rise
and specific heat. Using the thermal conductivity of the inner
tube, dimensions of the inner tube, and heat flux, the temperature
drops across the tube wall were calculated. From this information, the
inside wall temperatures were determined. The refrigerant qualities at
the inlet to the return bend and midpoints of the six sections were
determined from a heat balance using the thermodynamic properties of the
refrigerant, refrigerant flow rate, and heat gain of the water. The
condensation heat transfer coefficient was obtained by dividing the
average heat flux for a section by the difference between the vapor tem-
perature. The pressure gradient was calculated by dividing the pres-
sure drop across one section by the length of that section.
The preceding calculations were performed using an IBM model 1130
computer. Thermodynamic properties used in the calculations were evalu-
ated from a piece-wise-linear curve fit of values found in Ref. [17, 18].
The computer program is presented in Appendix 1.
During each experimental run, the pressure drop across the return
bend was measured using a manometer. The manometer readings were cor-
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rected for the hydrostatic head difference between the inlet and outlet
pressure taps. Corrections were also made for the pressure drop in the
tube segments between the bend centerline and pressure taps using the
fully-developed pressure gradient data from other runs at the same con-
ditions. The return bend pressure drop data were then converted into
equivalent lengths of straight tube required for the same two-phase pres-
sure drop.
RESULTS
Twenty-four experimental runs were made using refrigerant R-12
over a range of saturation temperatures from 90*F (114.5 psia) to 107*F
(145.1 psia), mass fluxes from 1.32 X 105 to 4.58 X 105 lbm/hr-ft 2, and
return bend qualities from 0.24 to 1.0. The absolute value of the maxi-
mum heat balance error for all the runs was 8 percent. The tabulated
data are presented in Appendix 2 with the runs ordered (U-1 through
U-24) according to increasing mass flux and return bend quality. The
experiments were performed at three different mass flux levels:
2.7 5 50 21.35 X 105, 2.75 X 10 , and 4.55 X 10 lbm/hr-ft2. At each mass flux
level, tests were made using a 1/2 and 1 in. radius return bend. In
addition, data were obtained for four to six inlet qualities at each of
the mass flux levels and for each return bend radius.
The experiment was designed so that the experimental data would
be representative of the conditions in industrial and commercial refri-
geration and air-conditioning equipment. One apparent anomaly is that
the inlet tube to the return bend and the return bend were adiabatic or
insulated. In most condensers, the inlet tube and return bend would be
diabatic or transfering heat. Before the return bend runs were made, it
was experimentally determined that an adiabatic length did not measureably
affect the downstream heat transfer and pressure drop. Using a straight
test section (which was divided into six zones, as previously described)
heat transfer and pressure drop data were taken with condensation occurring
over the entire test section length. Subsequently, the water flow through
one of the zones in the middle of the test section was turned off.
Heat transfer and pressure drop data were then obtained at the same condi-
tions as before, but with an adiabatic zone in the middle of the test
section. The heat transfer data for two of these experiments are shown
in Fig. 4. These two runs, with a straight test section inlet and no re-
turn bend, are denoted as runs S-1 and S-2. The upstream and downstream
heat transfer coefficients are virtually the same, with or without an
intervening adiabatic section.
The heat transfer and pressure drop in two-phase flow are inex-
tricably related to the two-phase flow configuration or flow regime.
From experimental determined qualities, flow rates, and saturation temper-
ature. Baker flow regime parameters [19] were calculated for conditions
in the return bend, and also for the downstream conditions in the test
section. These data are shown in Fig. 5. The data points on Fig. 5 rep-
resent the Baker parameters as calculated at the return bend for a
particular run number, and the downstream conditions are depicted by the
lines. It should be noted that for a specific mass flux and saturation
temperature, all of the flow regime states will be specified by a
single line. On the basis of the Baker flow regime map, the flow regimes
at the return bend inlet were dispersed or annular at mass fluxes of
4.55 X 105 lbm/hr-ft 2, annular or slug at mass fluxes of 2.75 X 105
2 5 2lbm/hr-ft , and annular at mass fluxes of 1.35 X 10 lbm/hr-ft
During each run, the flow patterns in the glass return bend were
also observed and photographed. Typical photographs of these flow patterns
for different mass fluxes and qualities are presented in Fig. 6. The
photographs and flow visualization revealed a zone of mixing near the mid-
point of the bend. If the flow was stratified or semi-annular, the
liquid separated from the tube wall and switched to the opposite side. A
similar behavior was also observed in the annular and misty flow regimes:
the liquid was observed to migrate to the outer radius and the vapor to
the inner radius. Secondary flows that tend to sweep liquid from the
outer radius towards the inner radius were not observed. Another ob-
servation was that the flow patterns at the inlet and exit of the return
bend were not substantially different. When the flow was stratified or
semi-annular at the return bend inlet, the flow at the exit appeared
to be similar, but with a more wavy liquid-vapor interface. Annular and
annular-dispersed flow also appeared to be the same at the return bend
inlet and outlet. However, small increases in entrainment are difficult
to visually detect.
A comparison of the photographs of Fig. 6 and the corresponding
run numbers, as calculated and plotted on Fig. 5, is interesting. The
photographs agree with the Baker flow regime map for the higher mass
5 5 2fluxes of 2.75 X 10 and 4.55 X 105 lbm/hr-ft2. However, at the lower
mass fluxes of 1.35 X 105 lbm/hr-ft 2, the photograph and observations in-
dicate stratified or semi-annular flow while the Baker map predicts annu-
lar flow. The transition from annular to wavy or stratified flow should
not be represented by a line as on the Baker map, but by a broad band.
The authors have observed in other flow regime investigations [20] with
refrigerant R-12 flow through a horizontal tube that the transition was
4 2
gradual and began at values of G /A as large as 2 X 10 lbm/hr-ft , which
v
is considerably higher than the Baker map predicts. This has also been
substantiated by other investigators [21].
The pressure drop in the test section was measured over six incre-
ments of 92 tube diameters. The first pressure tap was located approximate-
ski
lv 10 diameters downstream of the return bend. The refrigerant mass
flux and saturation were held constant, and a series of runs were made
with different inlet or return bend qualities. Each particular series
of runs was then plotted on the same graph. In this manner, a reference
of fully developed conditions was inherent in the graph: the pressure
gradient over the last half of the test section (276 tube diameters) should
be fully developed. These graphs of pressure gradient vs. quality are
presented in Fig. 7 through Fig. 11 for bend radii of 1/2 and 1 inch. In
general, there appears to be a negligible amount of pressure recovery in
the test section downstream of the return bend. The pressure gradient
in the first downstream increment does not deviate significantly (+ 10 %)
from the fully developed pressure gradient.
The downstream heat transfer coefficients were also determined in
the six test section zones or increments. These data are presented in
Fig. 12 through Fig. 16. The heat transfer coefficients are plotted as
a function of quality at constant refrigerant mass flux and saturation
temperature. From wall temperature measurements, the circumferential tem-
perature variation of the tube wall was always found to be less than 10
percent of the saturation and wall temperature difference. Thus, the
high thermal conductivity of the copper tube resulted in an essentially
constant wall temperature in the circumferential direction.
The heat transfer data, like the pressure gradient data, do not
exhibit any downstream effects due to the return bend. However, it should
be noted that data scatter and reproduciability might mask changes of 10
percent or less. In any case, the effect is quite small over the range
of experimental conditions considered. Another option considered was
to subdivide the first test zone (with a length of 92 tube diameters)
into two or three zones in order to obtain more localized measurements.
This would offer better information in theory; but the instrumentation
is difficult, if not inaccurate, due to entrance effects and small temp-
erature differences on the water-side of the test section.
The experimental data from this investigation were compared to the
analysis and supporting data of Ref. [6]. Ref. [6], which is briefly
described in Appendix 3, pertains to forced-convection condensation of
R-12 in a horizontal with no return bends; and, consequently, provides
a good basis for comparison. The data points in Fig. 17 represent
measurements made for runs U-5 through U-14 and U-19 through U-24 in the
first zone of the test section, immediately following the return bend.
Hence, these data points should be indicative of the maximum return
bend influence on downstream condensation. The agreement of these data
with the analysis and supporting data (the solid line for F(Xtt ) <
and the dotted line for F(Xtt ) > 1) of Ref. [6] is good. Thus, the re-
turn bend again has no observable effect on the downstream heat transfer.
The data from runs U-1 through U-4 and U-15 through U-18 are similarly
plotted in Fig. 18. The data of Fig. 18 were taken at a refrigerant mass
flux of 1.35 X 105 lbm/hr-ft 2, while the data of Fig. 17 were taken at
mass fluxes ranging from 2.5 X 105 to 4.6 X 105 lbm/hr-ft2
The data of Fig. 18 are significantly higher than the forced-
convection condensation analysis predicts, because the minimum mass flux
5 2for which the annular flow model is valid is around 1.35 X 10 lbm/hr-ft
Thus, the anomaly at low mass fluxes is due to a flow regime transition.
As previously discussed, the flow regime was stratified or semi-annular
with small waves, and occurred with or without a return bend. At the low-
er mass flux level, the condensing refrigerant was in a transition region
between stratified, laminar film condensation and annular forced-
convection condensation. The heat transfer coefficients for the low
flow rate runs were calculated using both the methods of Ref. [3] and [6].
The two methods gave approximately the same values for the heat transfer
coefficient, but these values were appreciably lower (50 percent) than
the experimental values. Thus in the transition region (as previously
defined) the stratified, laminar film condensation model [1, 2, 3] or the
annular forced-convection condensation model [5, 6] will give a low
estimate of the heat transfer coefficient.
During each run, the pressure drop across the return bend was
measured, corrected, and expressed as equivalent straight tube lengths
required for the same adiabatic, two-phase pressure drop. The measure-
ment and data reduction techniques were explained in the section entitled
Experiment. Generally, the pressure drop across a horizontal return
bend includes friction, curvature, and pressure recovery effects. In the
present experiment, there was also a gravitational pressure drop component
or a pressure rise due to the vertical orientation of the bend. The alge-
braic sum of the pressure drop components, the pressure drop measured by
the manometer, was very small. Since the measured pressure drops, after
corrections, were of the same order as the manometer sensitivity, the
data are not reported. The pressure drop algebraically increased with
increasing mass flux, increasing quality, and decreasing bend radius. A
maximum pressure drop of 40 equivalent tube diameters occurred for run
U-13, and a minimum pressure drop of -15 equivalent tube diameters
21
occurred for run U-15.
CONCLUSIONS
1. For moderate condenation rates, the pressure drop and heat
transfer coefficient in the downstream portion of a condenser tube are
the same whether the preceding section is adiabatic or diabatic.
2. Within the range of experimental conditions, the effect of a
return bend on the downstream pressure drop and heat transfer coefficient
is negligible when averaged over a length of 90 tube diameters or more.
3. When disturbed by the presence of a return bend, the refrigerant
two-phase flow pattern appears to readjust very rapidly.
4. The flow regime transition from annular to stratified flow occurs
over a fairly wide range, and, consequently, it is not accurately predicted
by a single line as shown on the Baker flow regime map.
5. The heat transfer coefficient in the transition region between
annular and stratified-wavy flow is higher than that for stratified, lam-
inar film condensation or annular, forced-convection condensation.
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FIGURE I SCHEMATIC DIAGRAM OF APPARATUS USED
FOR STUDY OF RETURN BEND EFFECTS
FRONT VIEW
REAR VIEW
FIGURE 2 EXPERIMENTAL APPARATUS
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FIGURE 3 RETURN BENI) ASSEMBLY
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FIGURE 5 BAKER FLOW REGIME MAP FOR RETURN BEND AND DOWNSTREAM CONDITIONS
G - 1.41x105 lbm/hr-ft2
x - 0.51 Run U-1
G - 1.36x105
x - 0.68
lbm/hr-ft2 G - 1.37x10 5bm/hr-ft2
Run U-2 x - 0.82 Run U-3
G - 2.69x105 lbm/hr-ft2 G - 2.81x10 5
x = 0.40 Run U-6 x - 0.67
lbm/hr-f t2 G - 2.74x10 5
Run U-8 x - 0.79
lbm/hr-f t2
Run U-9
G - 4.58x105 lbm/hr-ft2 G - 4.53x105 lbm/hr-ft2 G - 4.57x105 lbm/hr-ft2
Run U-11 x - 0.57 Run U-12 x - 0.83 Run U-13
FIGURE 6 FLOW CONDITIONS IN A 1/2 IN. RADIUS RETURN BEND
AT DIFFERENT MASS FLUXES AND QUALITIES
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I. D. = 0.315 in., BEND RADIUS = 0.5 in.
2.56 < G x 10-5 < 2.81 lbm/hr-ft2
95.4 < T < 106.9 0F
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I. D. = 0.315 in., BEND RADIUS = 0.5 in.
4.53 < G x 10-5 < 4.58 lbu/hr-ft2
99.9 < T < 105.1 0F
0.41 < x sat < 1.00
o - RUN U-11
* - RUN U-12
0 - RUN U-13
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FIGURE IC DOWNSTREAM PRESSURE GRADIENT v3. QUALITY
REFRIGERANT R-12
I. D. = 0.315 in., BEND RADIUS = 1.0 in.
2.52 < G x 10-5 < 2.83
90.2 < T < 100.50F
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I. D. = 0.315 in., BEND RADIUS = 0.5 in.
1.34 < G x 10-5 < 1.41 lbm/hr-ft 2
91.2 < Tsat < 94.3 0 F
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I. D. = 0.315 in., BEND RADIUS = 0.5
4.53 < G x 10-5 < 4.58 lbm/hr-ft 2
99.9 < Tsat < 105.10 F
0.41 < xinlet < 1.00
0 - RUN U-11
* - RUN U-12
0 - RUN U-13
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I. D. = 0.315 in., BEND RADIUS = 1.0
1.32 < G x 10-5 < 1.35 lbm/hr-ft 2
90.9 < Tsat < 95.1 OF
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I. D. = 0.315 in., BEND RADIUS = 1.0
2.52 < G x 10-5 < 2.83
90.2 < Tsat < 100.5*F
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00- Refrigerant R-12, I. D. = 0.315 in.
Points Denote Measurements Made 46 Diam.
from Upstream Return Bend of 1/2 or 1 in. R.
2.52 < G x 10-5 < 4.58 ibm/hr-f t2
0.22 < x < 0.94






FIGURE 17 COMPARISON OF HEAT TRANSFER
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A- Refrigerant R-12, I. D. = 0.315 in.
Points Denote Measurements Made 46 Diam.
from Upstream Return Bend of 1/2 or 1 in. R.
1. 32 < G X 0- 5
0.44 < x
91 < Tsat






FIGURE 18 COMPARISON OF HEAT TRANSFER
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WTR TEMP IN 85.00
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WTR TEMP IN 79.09
PEAN HT COEF 422.1
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APPENDIX 3
Description of the Forced-Convection Condensation Parameters
Used in Figures 17 and 18
The correlating parameters used in Figs. 17 and 18 were analytically
determined by Traviss, Baron, and Rohsenow [6] for high mass velocity
condensation inside a straight tube with a straight inlet section. The
von Karman universal velocity profile was applied to the condensate flow,
wall shear stress was calculated using the Lockhart-Martinelli correla-
tion, and heat transfer coefficients were determined from the momentum
and heat transfer analogy.
The analysis was then compared to experimental data. These data
were determined from heat transfer measurements of refrigerants R-12
and R-22 condensing in a copper tube, 14.5 ft. long and 0.315 in.
inside diameter. The analysis, represented by the lines, and the data,
represented by the points, are depicted by Fig. A3-1. The correlating
parameters were evaluated from the following equations:
Nu = (q/A) D (1)
(T sa- T w) k 9sat w £
Re~ G (1-x) D (2)
V11£
9 .5 0.1
X = - - - (3)
F(Xtt) E 0.15 (Xtt-I + 2.85 Xtt-0.476  (4)
F2 E 0.707 Pr kRet 1/2 Re < 50 (5)
F 2 5 Pr + 5 ln[1 + Pr k(0.09363 Re 0.5 8 5 - 1)] (6)
50 < Re < 1125
F 2 5 PrY + 5 ln[l + 5 Pr ] + 2.5 ln[0.00313 Re 0.812] (7)
Re > 1125
The solid line in Fig. A3-1 may be expressed as:
NuF 2  (xtt) 0.1 < F(X) < 1 (8)
Pr Rett
and the dotted line as:
NuF 2 0.9 = [F(Xtt 1.15 1 < F(Xtt) < 20 (9)
Pr Re
In order to express the experimental data in terms of the correla-
ting parameters, the data was reduced in the following manner. Initial-
ly, the average quality for a test section zone was determined from a
heat balance, and the refrigerant properties were evaluated at the sat-
uration temperature. Using the quality (x), properties (P, p), mass
flux (G), and diameter (D), the parameters Re., Xtt, and F2 were calcu-
lated. The average Nusselt number for a zone was then determined from
the measured heat transfer coefficient. Finally, the correlating para-
meters F(Xtt) and Nu F2/Pr Re k'. were evaluated and plotted. All of
these computations were executed as part of the overall data reduction
computer program. The results are given in Appendix 2.
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It should be noted that at very high qualities (0.95 < x < 1) or
low qualities (x < 0.10) the variables Re and Xtt change very rapidly
with relatively small quality changes. At high qualities some error
may result if the quality increment is too large due to the incremental
nature of the equations of F2 , eqs. (5), (6), and (7). At low qualities,
a small uncertainty in the measured quality causes a larger uncertainty
in Xtt, and, consequently, more data scatter.
e - Refrigerant R-;2, I.D. = 0.315 ig.
1.1 < G x 10 < 11.3 lbm/hr ft
0.07 < x < 0.95
75 < T < 140 F
6 < AT < 20 F
o- Refrigerant R-2, I.D. = 0.315 n.
1.4 < G x 10 < 7.4 lbm/hr ft
0.02 < x < 0.96
82 < T < 118 F
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FIGURE A3-1 FORCED-CONVECTION CONDENSATION ANALYSIS
AND EXPERIMENTAL DATA FROM REFERENCE [6]
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